Introduction
Free-living eukaryotic cells constantly monitor extracellular 'osmotic strength' and respond intracellularly by rearranging the flux of specific metabolic reactions to offset unfavourable osmotic levels through the synthesis or degradation of metabolites. Large amounts of salt (e.g. sodium) in intracellular compartments induce toxic effects, cause inhibition of enzymatic reactions (Murguia et al., 1996; Dichtl et al., 1997) , interfere with protein folding (Siderius et al., 1997) and hinder nuclear targeting (Stochaj et al., 2000) . Thus, to overcome a rise in exter-Upon salt stress, phosphorylation of Hog1p is rapid, transient and triggers immediate translocation to the nucleus (Maeda et al., 1994) , where it remains phosphorylated and localized for about 10 min (Ferrigno et al., 1998; Reiser et al., 1999a,b) . In the nucleus, Hog1p phosphorylates several transcription factors such as Msn1p, Msn2p, Msn4p, Sko1p and Hot1p (Schmitt and McEntee, 1996; Proft and Serrano, 1999; Rep et al., 1999; Proft et al., 2001 ). Msn2p and Msn4p are transcription factors that accumulate in the nucleus of stress-induced cells and specifically bind to STRE elements (Schuller et al., 1994; Martinez-Pastor et al., 1996) found in the promoter regions of most genes coding for stress-protective functions. Stress-induced nuclear localization of these factors is reversible, inversely correlated with the accumulation of cAMP and protein kinase A (PKA) activity (Gorner et al., 1998; Smith et al., 1998) .
At least five MAP kinase pathways are known to control different cellular aspects such as osmotic stress or mating in yeast, and sharing of components is considerable. For example, all three pathways, the filamentation, mating and HOG pathway, use Ste11p as a MAPKKK even though no cross-activation has been observed among pathways (Madhani et al., 1997; Posas and Saito, 1997) .
In an effort to learn about the mechanism by which crosstalk is prevented, Pbs2p (MAPKK) and Hog1p (MAPK) mutants that induce mating by high osmolarity were found (O'Rourke and Herskowitz, 1998) . In these mutants, high osmolarity induces the transcription of mating-type reporter Fus1p and produces the mating-typical 'shmoo' morphology (O'Rourke and Herskowitz, 1998) . Furthermore, Pbs2p serves as a scaffold protein that holds Sho1p, Ste11p and Hog1p, thus preventing cross-talk of Ste11p with parallel pathways (Posas and Saito, 1997) .
The magnitude by which osmotic stresses affect gene expression varies according to the severity and the time after shock induction. For example, a mild (0.4 M) NaCl switch induces the expression of 1359 genes after 10 min, and only 172 remain upregulated after 20 min (Posas et al., 2000) . In contrast, a 0.8 M shock induces 392 genes in the first 10 min, and 735 genes were observed after 20 min, suggesting that the induction pattern is dependent on the severity of the osmotic shock (Posas et al., 2000) . Within the genes that are upregulated the most, sugar transport genes are among the highest, followed by glycerol and trehalose recycling genes (Posas et al., 2000) .
The HOG pathway is not the only regulatory mechanism eukaryotic cells have to compensate for the loss of water. For example, ENA1, a P-type ATPase responsible for Na and Li ion efflux, is regulated by calcineurin, a calcium signalling pathway (Mendizabal et al., 1998) . Another way to accumulate glycerol is by rapid closure of the glycerol channel Fps1p (Tamas et al., 1999) . However, the magnitude by which these alternative mechanisms contribute to osmoregulation as a whole remain uncertain.
Filamentous fungi are multicellular organisms that produce rigid cell walls and grow through polar (apical) extension (Harris et al., 1999; Momany and Taylor, 2000; Osherov et al., 2000) . To encourage apical expansion physically, fungal cells retain a slight excess of intracellular solutes to generate positive turgor pressure (BartnickiGarcia et al., 2000) . In fungi, glycerol biosynthesis appears to play the central role in adjusting intracellular solute concentrations (Yancey et al., 1982; Redkar et al., 1995; . gfdA encodes glycerol 3-phosphate dehydrogenase (G3PDH), the enzyme that converts dihydroxyacetone phosphate (DHAP) into glycerol 3-phosphtae (G3P), which is further converted into glycerol through a phosphatase (Fillinger et al., 2001) . Deletion of gfdA results in an osmoremediable growth defect on various carbon sources except glycerol and is associated with a hyphal defect (Fillinger et al., 2001) .
Even though the strategy to adapt to high concentrations of salt in the surrounding environment is mainly driven by a common mechanism of accumulation of glycerol and other osmolytes in unicellular and multicellular organisms, the outcome and biological consequences of the failure to adapt by synthesis may be very different. What remains unclear is how multicellular organisms cope with solute fluctuations? Is each cell regulated individually or are morphological and structural alterations involved?
Here, we report the in silico reconstruction of the yeast HOG pathway in Aspergillus nidulans and provide molecular validation that establishes a direct regulatory response of these genes with osmotic balance. A detailed phenotypic analysis of the deletion of the yeast HOG1 homologue shows that the inability to offset external osmotic pressure results in reduction of polar growth, alteration of the normal hyphal branching pattern, extraordinary accumulation of nuclei and abnormal septa formation. In high-salt situations, SIK1 is unable to control turgor; thus, growth expansion rates are rapidly depressed to induce cellular volume reduction. SIK1 fails to partition apical cells and abnormally accumulates nuclei, suggesting hogA participation in apical growth. In A. nidulans, transcription of HOG genes is augmented by salt itself, and adaptation to high-salt environments requires the ability to control apical growth via the deposition of septa and timed mitotic cell divisions.
Results
In silico reconstruction of the yeast HOG regulatory pathway in A. nidulans Figure 1 shows the proposed 'osmosensing' genetic network, based on evidence derived from yeast (Brewster et al., 1993; Schuller et al., 1994; Maeda et al., 1995; Redkar et al., 1995; Posas et al., 1996; San Jose et al., 1996; Cuppers et al., 1997; Jacoby et al., 1997; Posas and Saito, 1997; Wurgler-Murphy et al., 1997; Ferrigno et al., 1998; O'Rourke and Herskowitz, 1998; 1 bits) ; the transcriptional repressor SKO1 (49 bits); and the key glycerol synthesis (recycling) genes GPD1 (92.8 bits) and GPP2 (68.7 bits). Genes that were missing in our EST collection were: signal integration genes STE50 and YPD1; MAPKKK SSK22; transcription factors MSN4 and HOT1.
We also BLASTX-compared genes that are transcriptional targets of the HOG pathway and were taken from multiple stress transcription profiling experiments carried out in yeast (Yale and Bohnert, 2001 (Gustin et al., 1998 of toxicity of sporidesmin), GRR1 (induces glucose repression), PPZ1 (S/T protein phosphatase) and the genes of unknown function YLL028w and YOR273c. Genes induced by two or more stresses include salt and hydrogen peroxide: (DL)-glycerol-3-phosphatase (gppA); salt and heat shock: trehalose 6-phosphate phosphatase (orlA), sterol desaturase (ERG5), heat shock element (SSE2) and unknown (YRO2); and salt, hydrogen peroxide and heat shock: heat shock proteins (HSP12, HSP104 and HSP78), trehalose 6-phosphate synthase subunit I tpsA and DNA damage-responsive protein DDR48.
Molecular characterization of A. nidulans HOG genes
To test whether the HOG pathway regulates salt stress in A. nidulans as reported in yeast, we determined the essential molecular genetic features and phenotype of an A. nidulans hogA deletion mutant. Table 2 summarizes the HOG pathway genes isolated during this study (see Experimental procedures). The complete molecular organization of the hogA locus is shown in Fig. 2 . The hogA locus is located on chromosome VIII, adjacent to a gene of unknown function (identified by an EST) and ganB. The hogA transcript starts (5¢) and ends (3¢) at three preferential positions, and translation of the hogA mRNA, generated through eight intronsplicing events, results in a 379-amino-acid polypeptide homologous to fungal, human and other MAP kinase. The putative HogA protein contains a typical eukaryotic protein kinase wide-domain, spanning from the N-terminus up to amino acid 310. In addition, perfect motifs for an ATP binding site near the N-terminal portion and a Ser/Thr protein kinase catalytic site located near the centre of the (Widmann et al., 1999) .
HogA expression is salt dependent
To test whether the genes identified in silico interact as a regulatory network in A. nidulans that results in osmotic balance as an output, we determined salt-specific gene expression of HOG genes. Figure 3 shows clearly that levels of hogA transcription are dependent on the extracellular concentration of sodium chloride and were undetectable in a hogA deletion mutant (see below). Moreover, induction appears to be a short-term response, detectable 30 min and almost absent 90 min after switching mycelia from low-salt to high-salt media. Figure 4 shows a more detailed gene expression profile of hogA and HOG gene transcripts in vegetative mycelia grown under various stress conditions. Two conditional time points, early and late, were chosen for detailed investigation, 30 and 90 min of high-salt exposure, heat shock, exposure to hydrogen peroxide (Godon et al., 1998) and 12 or 24 h of asexual (Adams et al., 1998) or sexual (Han et al., 2001 ) development respectively.
All tested HOG genes, pbsA, hogA, ptpA and msnA (Table 2) , are induced in a salt-dependent fashion after 30 min. After 90 min, transcriptional activity for pbsA, hogA and ptpA had expired; however, msnA transcript levels remained high.
HOG genes were not activated by stresses such as hydrogen peroxide, heat shock or development -sexual or asexual. However, msnA was activated by all these stresses in the early phase and in the late phase for mycelia undergoing development, indicating that msnA is expressed in response to a variety of stress-related stimuli, but HOG genes act on msnA as a response to high salt only. Output signals from other networks may converge and activate msnA.
hogA-specific, salt-and temperature-dependent inhibition of growth
To test whether the hogA gene product is required to sustain vegetative growth under high-salt conditions, we created the hogA deletion strain, SIK1. Genetic features along with construction details are described in Experimental procedures. Figure 5 describes the effect of salt concentration and temperature on vegetative radial growth rates in SIK1 and wild-type strains. Overall, radial growth rates correlate strongly with solute concentration; as sodium chloride, potassium chloride or sorbitol concentrations increase, vegetative growth rates steadily decreases. At 37∞C, no significant difference in radial growth rates was detected between wild type and SIK1. Various media and solutes were tested with no detectable difference, except when amended with 1.5 M NaCl, KCl or sorbitol, when a limited reduction in radial growth rate was observed in SIK1. At 30∞C, however, a significantly reduced radial growth rate was observed in SIK1 grown in 0.6 M solutes or higher.
SIK1 induces morphological abnormalities
The effect on SIK1 colony morphology grown in media amended with high-salt concentrations is shown in Fig. 6A . Typical colony expansion produces two identifiable zones, the vegetative zone, in which hyphal tips grow by polar extension, and a slightly lagging pigmented zone, in which conidiation (asexual development) takes place.
When wild-type strains are grown under high-salt conditions at 30∞C, the radial growth rate is diminished compared with low-salt conditions, but the distance between the conidiation zone and apical extension remains unaltered (Fig. 6B) . In SIK1, reduction in vegetative expansion is significant, whereas conidiation appears to be unaltered. Associated with the observed growth restriction is an increased branching localized at the hyphal tip region (Fig. 7) . This renders the ragged-edge appearance of SIK1 colonies when growing in the presence of salt ( Fig. 6A and B) .
Epifluorescence microscopy of septa stained with Calcofluor and nuclei with DAPI show that, in wild type, septa are always complete and formed retracting at regular intervals from the apical portion of the hyphal tip (Fig. 7) . In SIK1, septa are never formed, although heavy accumulation of chitin is observed at localized portions of the cell wall. Moreover, the accumulation of an unusually large number of nuclei was observed at the hyphal tips. Figure 8 shows salt-induced and temperature-dependent transcript expression profiles of pbsA, hogA, msnA and gfdA, the transcript coding glycerol-3-phosphate dehydrogenase (G3PDH), the enzyme that converts dihydroxyacetone-P (DHAP) into glycerol in wild type and SIK1. Salt-dependent and temperature-independent accumulation of hogA, pbsA and msnA is clear. However, no clear transcript accumulation pattern could be determined for gfdA at 37∞C and 30∞C. In the absence of hogA, e.g. in SIK1, msnA continues to be stimulated by salt, but at reduced levels (Fig. 8) . In addition, the upstream kinase pbsA accumulates to a lesser extent in SIK1, suggesting feedback activation of pbsA.
Discussion
Mitogen-activated protein kinases are signal-integrating networks that regulate growth, adaptation, differentiation and survival responses (Saxena and Mustelin, 2000; Wilkinson and Millar, 2000) . These kinases interact with factors that control the transcription of a large number of genes whose combined functions promote specific transformation events or metabolic adaptations (Saxena and Mustelin, 2000; Wilkinson and Millar, 2000) .
In yeast, the HOG pathway regulates the transcription of osmotic stress genes, which include ª 17 signalintegrating MAP kinases and enzymes involved in compatible solute synthesis, e.g. the glycerol-producing genes GPD1 and GPD2 (Gustin et al., 1998; Pahlman et al., 2000) . PBS2 and HOG1 are two non-redundant steps that relay the integrated signal, and MSN2 is known to be one of the transcription factors that recognize promoter-activating STRE binding sites (MartinezPastor et al., 1996) .
The in silico BLASTX-driven search of HOG homologues in the A. nidulans EST collection revealed significant hits for 13 of the ª 17 genes considered. The lowest BLASTX quality score that we considered was 32.8 bits (hsp 73) from STE20, a MAPKKK kinase. The best BLASTX quality score was 239 bits (hsp 603) from HOG1, the MAPK kinase involved in high-osmolarity growth. Other highscoring genes were PBS2, STE11, GPD1 and MSN2 scoring 110, 96.7, 92.8 (Widmann et al., 1999) . In all known systems, phosphorylation of the activation loop is essential to allow nuclear accumulation and activity of ERK MAPKs (Ferrigno et al., 1998; Gaits et al., 1998; Reiser et al., 1999b) . The occurrence of marked amino acid sequence conservation of these structural motifs strongly suggests functional similarity between yeast and A. nidulans HogA protein.
The in silico reconstructed HOG pathway responds to salt (Figs 3, 4 and 8) . pbsA, hogA and ptpA transcripts accumulate rapidly after 30 min of exposure to increasing salt concentrations (Fig. 4) and are almost undetectable after 90 min msnA however, is detected at lower levels after 30 min but is strongly expressed after 90 min. Thus, the response to salt via the HOG pathway in A. nidulans is inducible by salt itself where strong activation of the upstream components is observed in the early stages after salt shock and transcription factor msnA at a later stage. Salt-dependent induction of hogA can also be observed clearly in Fig. 3 . This induction appears to be transient because, after 90 min of treatment, hogA levels returned to basal levels.
Other stress conditions, e.g. hydrogen peroxide and heat (42∞C), did not affect the expression of HOG components; however, a slight induction of msnA was observed (Fig. 4) . Developmental processes such as the production of spores via sexual or asexual reproduction had no clear effect on HOG components, with the exception of pbsA and hogA accumulation, observed in the advanced developmental stages.
Inactivation of hogA, e.g. the locus deletion mutant SIK1, has only a partial effect on vegetative growth even in high-salt concentration environments (Fig. 5) . Strong reduction in radial growth rates was only observed if solute concentrations were high and the temperature was reduced to 30∞C (Fig. 5) . At 37∞C and high-salt concentrations, sodium or potassium chloride, growth rates were approximately equally depressed in wild type and SIK1, whereas slight differential growth rates were observed in media amended with sorbitol. A similar temperature-lation of chitin is observed at localized portions (branching points) of the cell wall. Wild-type septa are always complete and deposited at regular intervals, whereas septa are seldom if at all present in SIK1 (Fig. 7) .
Fungal cells grow by inserting new membrane and cell wall materials at localized sites on the cell surface. Vesicles loaded with components are transported along a polarized cytoskeletal network (Gow, 1994; Mata and Nurse, 1998) , and polar extension depends upon its integrity (Harris et al., 1999) . The extending hyphal cell reaches a predetermined size before being partitioned by a septum in which only the apical cell remains mitotically active. The newly formed subapical cell contains multiple nuclei arrests in interphase until a new branch is formed (Kaminskyj and Hamer, 1998; Momany and Taylor, 2000) .
Because the salt concentration is high and SIK1 is probably unable to equilibrate the difference in turgor, growth expansion rates are rapidly depressed, inducing cellular volume reduction that equilibrates intracellular solute concentrations. However, SIK1 fails to partition apical cells by producing complete septa and accumulates an unusually large number of nuclei at the hyphal tip region (Fig. 7) . Thus, hogA is likely to interfere directly with apical growth, but seems unlikely to be associated with the control of mitotic divisions. dependent adaptation to high salt in the absence of Hog1p has been observed in yeast (Siderius et al., 2000) , suggesting that osmolyte regulation does not depend entirely on the HOG pathway (Pahlman et al., 2000; Rep et al., 2000; Tamas et al., 2000) .
Reduction in growth because of the inability to control solute concentrations via the HOG signalling pathway is best illustrated in Fig. 6 . Growth inhibition of SIK1 in high salt is remarkable. The central portion of the colony, which is the older portion of the colony and has undergone conidiation, shows no significant differences. However, at the apical portion of the colony, where vegetative growth is maximal and development absent, inhibition of hyphal extension is strong.
In this area of maximized vegetative expansion of a fungal colony, SIK1 shows increased hyphal branching, localized to the apical zone (Fig. 7) . This differentiated branching pattern renders the ragged-edge appearance of SIK1 colonies when growing in the presence of highsalt concentrations (Fig. 6A and B) . The increased branching pattern may be the result of the inability of SIK1 mutants to maintain positive turgor pressure (Bartnicki-Garcia et al., 2000) , thus inducing premature branching.
Epifluorescence microscopy analysis shows that, in SIK1, septa are not formed, although significant accumu- Figure 9 describes our current working genetic model describing the regulatory interactions observed in this study (Figs 3, 4 and 8) . Two variants from the traditional yeast model are proposed. Salt-dependent and temperature-independent accumulation of hogA, pbsA and msnA is clear (Fig. 8) . However, no clear transcript accumulation pattern could be determined for gfdA at 37∞C and 30∞C.
In yeast, two glycerol 3-phosphate dehydrogenase genes, GPD1 and GPD2, have been reported, in which the expression of GPD1 is increased with high salt and controlled by HOG1, whereas the expression of GPD2 is HOG1 independent (Albertyn et al., 1994; Eriksson et al., 1995; Ansell et al., 1997) . In A. nidulans, deletion of gfdA, the major glycerol 3-phosphate dehydrogenase, results in a hogA-and salt-independent phenotype (Fig. 8) , suggesting that gfdA is the yeast GPD2 orthologue. We found recently a second A. nidulans gene gfdB (EST, v3f01a1.r1), homologous to gfdA and orthologous to GPD1, whose expression is hogA and salt dependent (Fig. 8) . gfdB shows significant amino acid sequence homology with gfdA and GDP1, but no homology at the nucleotide sequence level. Notably, gfdB expression levels are gradually increased with extracellular salt concentrations, and gfdB could not be detected in SIK1 (dhogA) (Fig. 8) .
Taken together, these results lead us to propose the following genetic model. As in Saccharomyces cerevisiae, expression of gfdA appears to be hogA independent; however, gfdB is likely to be under the control of msnA, as expression is linked to the accumulation of hogA transcript (Fig. 8) . The observed differential expression patterns of msnA in A. nidulans suggests that msnA is not HOG exclusive, but a general stress response transcription factor activated by other MAPKs or stress pathways (Figs 4 and 8) . As msnA is not an exclusive HOG transcription factor, we propose a second factor, tafX, controlled directly by hogA to explain the salt stressspecific expression of gfdB (Fig. 8) . In the absence of hogA, e.g. in SIK1, msnA continues to be stimulated by salt, but at reduced levels (Fig. 8) . Furthermore, the upstream kinase pbsA accumulates to a lesser extent in SIK1, suggesting feedback activation of pbsA and hogA by tafX.
Finally, we found perfect STRE binding sites (CCCCT) upstream of hogA, gfdB and msnA (data not shown) corroborating our reiterated observation of feedback activation of pbsA and hogA (Figs 4 and 8) . Moreover, hogA may control msnA and elicit stress-specific gene activation. Thus, whether msnA interacts with other factors, e.g. ste12, remains open ended; nevertheless, msnA may function as a general transcription factor whose specificity towards a particular cellular response is determined by a second site interaction. In A. nidulans, gain of specificity for msnA implies the ability of msnA (or factor tafX) to control apical growth via the deposition of septa and timed mitotic cell division. RMS011, yA1, pabaA1; dargB::trpC; trpC801, veA1 (Stringer et al., 1991) was used as recipient in transformation experiments according to standard techniques (Yelton et al., 1984) . Minimal and complete media with appropriate supplements were prepared as described previously (Kafer, 1977) but using modified VM salt (Beever and Laracy, 1986 ) to adjust water potential. All strains were incubated in broth at 37∞C and 30∞C for 2-3 days. SIK1 (dhogA) was constructed by transformation of RMS011 (Stringer and Timberlake, 1995) with the hogA deletion plasmid pKH101. The argB + transformants were analysed by genomic Southern blots to confirm that the plasmid had integrated and deleted the hogA gene. Cultures for salt shock were as follows: 500 ml of complete media without additional NaCl was inoculated with Fig. 8 . hogA enhances the expression of pbsA. The lack of pbsA accumulation in SIK1 during the late salt response is shown, suggesting a feedback loop to enhance expression. Vegetatively grown mycelia were treated for 30 (early) or 90 (late) min in media amended with 0.4, 0.6, 1.0 and 1.5 M sodium chloride. DNA/RNA hybridization probes prepared from PCR-amplified DNA fragments coding: pbsA, MAPKK high-osmolarity glycerol; hogA, MAPK highosmolarity glycerol; msnA, zinc finger transcription factor; and gfdA glycerol 3-phosphate dehydrogenase. rRNA, ribosomal RNA with ethidium bromide stain to indicate loading control.
Experimental procedures

Fungal strains, growth conditions and genetic manipulations
1.0 ¥ 10 7 spores of wild type (isogenic with RMS011 except argB + ) and SIK1 -stress induced kinase, (dhogA), respectively, and incubated for 18 h at 37∞C and 30∞C, respectively, shaking at 200 r.p.m. Mycelia were harvested and transferred to each fresh complete medium containing 0.3 M, 0.6 M, 1.0 M and 1.5 N NaCl respectively. Each mycelium was harvested after 30 min and 120 min of culture and lyophilized for total RNA preparation. Hydrogen peroxide shock, heat shock and developmental induction (asexual and sexual) experiments were performed as described elsewhere (Noventa-Jordao et al., 1999; 2000; Han et al., 2001 ). Vegetative growth rates (mm h -1 ) were determined by dividing the radius (mm) of 2-or 3-day-old colonies by incubation time (h).
In silico HOG pathway reconstruction
To identify yeast HOG pathway homologous genes in the A. nidulans EST database, PIPEONLINE software (http://bioinfo.okstate.edu/pipeonline/) and NCBI DBEST (http://www.ncbi.nlm.nih.gov/dbEST/index.html) were used.
Multigene cloning routine
The multigene cloning and locus characterization routine described below was used throughout this work. Polymerase chain reaction (PCR) primers were designed based on the information derived from the EST collection, and amplicons produced from cDNA library templates, labelled with radioactive dCTP, were used to identify cosmids by colony DNA/ DNA hybridization from the minimal and physically mapped cosmid collection (Prade et al., 1997) . The oligonucleotide PCR primers in this study are described in Table 3 . Positive cosmids were partially digested with Sau3A, and fragments were ligated to a cloning vector (pBluescript). The same EST-derived probe was used to identify overlapping 2.0 kb insert subclones, and end-sequencing eight to 10 randomly chosen positives determined the genomic DNA sequence fully.
The mRNA sequence was determined using mRNAlike full-length (SMART) cDNA templates (Clontech) and outward-directed 5¢ antisense and 3¢ sense primers combined with a flanking vector-specific primer. Two overlapping PCR-amplified DNA fragments were cloned into pBluescript and sequenced fully to determine the intron/exon structure by comparison with the genomic DNA sequence. Ten independent, 5¢ and 3¢ ending clones were also end-sequenced to determine usage frequency of transcription start and termination sites.
Nucleic acid manipulations
All plasmids used in this study were generated using standard techniques (Sambrook et al., 1987) . pKH101 was used to delete the A. nidulans hogA gene and was generated in two steps. First, the 2.7 kb EcoRI fragment containing the hogA gene was transferred to pBluescript SK+ (Stratagene), originating pHOG and, secondly, inverse outward-facing primers excluding the hogA open reading frame (ORF) region (Table 3) were used to reamplify the entire plasmid con-taining hogA flanking fragments. Before plasmid circularization via ligation and recovery of the hogA deletion plasmid, a SmaI fragment containing the argB gene was added to the ligation reaction. Thus, the resulting plasmid, pKH101, contains the argB gene flanked by the hogA genomic region.
Small-scale DNA isolations from fungal mycelia for PCR and Southern blot analysis were carried out as described previously (Lee and Taylor, 1990) . Southern blot analysis was performed using standard techniques (Sambrook et al., 1987) . For total RNA isolations, 1-2 g of lyophilized ground mycelium was homogenized in Trizol (Gibco BRL) and iso- lated according to the manufacture's recommendations. Northern blot analysis was performed as described previously (Yu et al., 1996) . Briefly, 15 mg of total RNA was separated in 1.1% agarose gel containing 3% formaldehyde and blotted onto membrane (Hybond-N + ; Amersham).
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P-labelled probes were used to hybridize the membrane with modified Church buffer (Church and Gilbert, 1984; Yu et al., 1996) at 63∞C for 16-20 h.
Microscopy and staining
Photomicrographs presented in this study were taken using an Optiphot-2 (Nikon) microscope. 4,6 diamino-2-phenyl indole (DAPI; Roche) and fluorescent brightener 28 (Calcofluor; Roche) staining were performed as described elsewhere (Harris and Hamer, 1995) .
